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Abstract 9 
In this research study, a novel optical measurement technique has been developed which 10 
can, in great detail, capture the displacement, velocity and acceleration of a rigid body. 11 
One example is an impactor in free fall striking a test specimen. Another application 12 
where the technique has succesfully been applied is during bird strike experiments. The 13 
technique sets itself apart by its ease of use and sub-pixel accuracy and precision. To 14 
achieve this, a 2D grayscale line pattern with known and constant pitch is applied to the 15 
rigid body. The grid pattern is filmed with a high speed camera perpendicular to its 16 
surface. The images, or rather the recorded intensities, undergo a Fourier transform 17 
and the phase shift of each subsequent frame is converted to a displacement 18 
measurement. Several operations are applied to optimally prepare the signal for a 19 
DTFT algorithm. Differentiating the signal to velocity and again to acceleration, which 20 
has also been measured with an accelerometer, proves the adequacy of the method. The 21 
method is also very robust: no calibration of the system is necessary, unlike with DIC, 22 
apart from an accurate measurement of the pitch. Small errors, for example positioning 23 
the camera not perfectly perpendicular to the pattern, do not lead to excessive 24 
measurement errors.  25 
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Introduction 43 
Throughout the years researchers have been in search for contactless measurement techniques to 44 
perform accurate test campaigns. However, in the past such set-ups often were very complex and 45 
cumbersome. One such example of a technique is geometric moiré for displacement and 46 
deformation measurements. A displaced/deformed grating was superimposed on a reference 47 
grating, resulting in a so-called moiré pattern (Figure 1a). Full-field measurements were possible, 48 
with a resolution of up to about one fifth of a pixel. 49 
 50 
   51 
 52 
Figure 1: (a) Moiré pattern (b) Impact force measurement set-up 53 
 54 
 55 
The technique could also be used to measure the impact force through the rigid body movement 56 
of the impactor. The impactor was fitted with a grid and filmed through a glass plate with a grid 57 
printed onto it (Figure 1b). This method however had a lot of drawbacks. The result at time t was 58 
based on processing of its full neighbourhood, which was very complex and time consuming. 59 
Much user interaction was required which involved many parameters to set and the results were 60 
prone to even the smallest noise. 61 
 62 
An improvement was made by using numerical phase shifting of the reference grating. This 63 
highly increased the resolution to about pixel/50. A more recent and very promising technique is 64 
Digital Image Correlation, but it requires a laborious calibration of the camera system in order to 65 
obtain good results.  66 
 67 
In this article, a newly developed method is presented which presents a superior resolution and 68 
ease of use compared to previous contactless measurements techniques. 69 
 70 
  71 
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Composed moiré grid pattern processing  72 
 73 
In the next paragraphs the working principle of the newly developed technique will be expounded 74 
upon. For convenience’ sake, first everything will be explained for a unidirectional translation. 75 
 76 
Unidirectional movement 77 
Suppose one has applied a grating to an object such as in Figure 2. The displacement ∆x is 78 
determined by the phase shift ∆φ of the grating. The only parameter one has to known is the pitch 79 
of the line grating p. The minimum frame rate at which the experiment should be filmed is, in 80 
accordance with the Nyquist theorem, 2 times the maximum attained velocity during the 81 
experiment divided by the pitch of the grating.  82 
 83 
 84 
 85 
Figure 2: Line pattern undergoing translation 86 
 87 
 88 
When looking at the intensities of, for example, the middle line (horizontal) of the initial image, 89 
one can understand that the intensity follows a sinusoidal curve, oscillating between low values 90 
(a black line) and higher values (a white line). Next, the intensity values are averaged over the 91 
width of the specimen. A second degree polynomial is fitted to the averaged intensity values to 92 
account for irregular lighting conditions. This polynomial is then subtracted from the intensity 93 
values. The degree of the polynomial can be adjusted if necessary. For an optimal use of a Fast 94 
Fourier Transform routine, the length of the picture is preferably an exact multitude of the pitch 95 
of the grating. In other words, a gap between the end of the signal and the beginning of a 96 
repetition of the same signal must be avoided. This would cause unwanted high frequencies to 97 
appear in the power spectrum of the FFT plot. Thus, the length of the recorded frame must be 98 
shortened, until one would not be able to discern the boundary should the end of the frame be 99 
pasted to the beginning. Next, a window function – a squared sine – is applied on the shortened 100 
signal. This forces the beginning and end of the signal to zero.  101 
 102 
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Figure 3: pre-processed signal 105 
 106 
 107 
This prepared signal now undergoes an FFT routine. A single dominant peak is observable in the 108 
power spectrum and the phase can be extracted at the same spatial frequency. This process is 109 
repeated for every frame recorded by the camera and results in the phase as a function of time. 110 
Should one calculate the displacements directly from this signal, the result would be 111 
discontinuous, because the phase is limited to [-π, π]. The phase is first converted to a 112 
displacement by multiplication with (p/2π). When there is a jump larger than half of the pitch of 113 
the grating to the next data point, the pitch is subtracted or added to the next value until it is no 114 
longer the case. This way, a continuous displacement measurement is achieved, which can be 115 
differentiated to obtain velocity, and once again to obtain the acceleration.  116 
 117 
2D in-plane motion 118 
 119 
When one wants to perform 2D in-plane movement measurements, 2 independent gratings are 120 
needed because apart from the translation, the orientation of the grating also has to be found. For 121 
example a 0/90 degrees pattern depicted in Figure 4a can be used. An even better solution is to 122 
create a grid containing redundant information, such as the 0/60/120 grid pattern in Figure 4b.  123 
 124 
 125 
 126 
Figure 4: (a) 0/90 grid pattern (b) 0/60/120 grid pattern 127 
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Once again the images are prepared in a manner similar as for the unidirectional tests, with a 128 
windowing function applied to them. Figure 5 shows such a windowed image along with a cross 129 
section, in which the influence of the 3 distinct gratings is visible as a deviation from a perfect 130 
sine wave.  131 
 132 
 133 
 134 
Figure 5: Windowed intensities 135 
 136 
Next, a first, fast extraction of the seperate gratings is performed by means of a Fast Fourier 137 
Transform routine. Subsequently, to get the best fitst for the pitch, phase and orientation of each 138 
grating, a more precise, but also more time consuming, Discrete Time Fourier Transform is 139 
performed based on the results of the ‘first guess’ from the FFT results.  140 
 141 
In the next section some applications and first results are given for a unidirectional test (impactor 142 
body hitting a specimen in free fall) and in-plane translation and rotation of a part from a bird 143 
strike experiment.  144 
 145 
Applications 146 
 147 
Impactor in free fall hitting specimen 148 
 149 
A rigid impactor body glides along guidance rails to hit a clamped specimen. The set-up is 150 
equipped with an accelerometer, force sensor and displacement sensor [1]. In addition the 151 
impactor is equipped with a line pattern which is filmed with a Photron Fastcam at 10.000 frames 152 
per second. In  Figure 6 the forces, based on all 4 measurement methods are compared. The 153 
acceleration from the accelerometer is multiplied with the mass of the impactor; the displacement 154 
from the displacement sensor and the line pattern is twice differentiated and multiplied with the 155 
mass.  156 
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 158 
Figure 6: Comparison of forces obtained from 4 measurement methods 159 
 160 
 161 
As one can see, there is a very good fit with the – rather noisy – accelerometer signal and 162 
unfiltered loadcell signal. The capacitative displacement sensor proves to be an unreliable source.  163 
 164 
The resolution of the displacements can be calculated as a(∆t)2/2 = 2000 m/s2.(20 µs)2/2 = 0,400 165 
µm and the velocity resolution as a∆t = 2000 m/s2.20 µs = 0,040 m/s. 166 
 167 
Bird strike experiments 168 
 169 
The method was applied during bird strike experiments, where a small rigid plate with a grid 170 
pattern (Figure 7) was attached to an object which was hit by the gelatin bird and subsequently 171 
started to rotate. 172 
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 174 
Figure 7: Grid pattern on plate attached to rotating object. 175 
 176 
 177 
In Figure 8 the calculated displacements and rotation are shown.  178 
 179 
 180 
 181 
 182 
Figure 8: Translations and rotation 183 
 184 
 185 
Conclusions 186 
 187 
A new method has been developed which can, in very high detail, capture displacements, 188 
velocities, accelerations and thus also forces from object moving unidirectional or in-plane. The 189 
method is easy to use and does not require a calibration of the system or the careful tuning of 190 
several parameters.   191 
 192 
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